Background: Arginine is a key amino acid in cellular metabolism in bacteria. Results: ArgR1 and AhrC mediate arginine-dependent expression of arginine acquisition and virulence genes in the human pathogen Streptococcus pneumoniae. Conclusion: Arginine regulation in S. pneumoniae significantly differs from that in other model bacteria. Significance: Understanding metabolic regulation increases insights into the molecular pathogenesis of S. pneumoniae.
Regulation of Arginine Acquisition and Virulence Gene Expression in the Human Pathogen Streptococcus pneumoniae by Transcription Regulators ArgR1 and AhrC
In this study, we investigated for the first time the transcriptional response of the human pathogen Streptococcus pneumoniae to fluctuating concentrations of arginine, an essential amino acid for this bacterium. By means of DNA microarray analyses, several operons and genes were found, the expression of which was affected by the concentration of arginine in the medium. Five of the identified operons were demonstrated to be directly repressed in the presence of high arginine concentrations via the concerted action of the ArgR-type regulators ArgR1 and AhrC. These ArgR1/AhrC targets encompass the putative amino acid transport genes artPQ, abpA, abpB, and aapA; the arginine biosynthetic genes argGH; and the virulence genes aliB and lmB/adcAII-phtD encoding an oligopeptide-binding lipoprotein and cell surface Zn 2؉ -scavenging units, respectively. In addition, the data indicate that three of the amino acid transport genes encode an arginine ATP-binding cassette transporter unit required for efficient growth during arginine limitation. Instead of regulating arginine biosynthetic and catabolic genes as has been reported for other Gram-positive bacteria, our findings suggest that the physiological function of ArgR1/AhrC in S. pneumoniae is to ensure optimal uptake of arginine from the surrounding milieu.
The human pathogen Streptococcus pneumoniae is responsible for infections such as pneumonia, sepsis, otitis media, and meningitis, especially in children and the elderly (1, 2) . Several virulence factors that contribute to efficient colonization and invasion of its host have been identified and characterized (1, 3, 4) . Ongoing efforts to improve understanding of the molecular biology of pneumococcus will aid in the development of strategies to combat infection by this bacterium.
Proper acquisition and metabolism of nutrients are important for the lifestyle of S. pneumoniae. Several studies have investigated pneumococcal nitrogen metabolism and regulation. It has been shown that the nutritional regulator CodY, which regulates mainly genes involved in nitrogen metabolism, as well as virulence genes like pcpA and ami/aliA in response to the concentration of branched-chain amino acids contributes to pneumococcal colonization (5) . In addition, the regulon of the glutamine-dependent repressor GlnR contributes to pneumococcal adhesion to nasopharyngeal epithelial cells and fitness in mice (6, 7) , as do glutamine uptake systems (7, 8) .
Another important amino acid, the metabolism of which is closely linked to that of glutamine, is arginine (see Fig. 1A ). This amino acid is present in the human plasma at a concentration of around 45 M (9), although in other body sites, different concentrations are found, as in muscle (Ͼ1000 M (9)) and in cerebrospinal fluid ((13 M (10)). At sites of inflammation, the concentration of free arginine might decrease to very low levels (11, 12) , which could lead to decreased T-and B-cell activity (13) . In the human host, arginine is also an important donor of NO, which is used by macrophages to kill invasive microbes (14) .
Previous studies indicate that arginine metabolism and regulation have a link with the virulence of several pathogenic bacteria such as Mycobacterium tuberculosis, Listeria monocytogenes, Legionella pneumophila, and Mycobacterium bovis (15) (16) (17) (18) (19) . In Streptococcus pyogenes, cells with a deletion in the arcA homologue, the first gene of the arginine catabolic pathway, show decreased eukaryotic cell invasion and have a reduced capacity to grow intracellularly compared with wildtype cells (20) . In addition, arginine deiminase (ArcA) activity in S. pyogenes is associated with the inhibition of immune cell proliferation (21) . In group A streptococci, growth in amniotic fluid affects the expression of many genes involved in arginine uptake, breakdown, and synthesis (22) .
Studies on the regulation of arginine metabolism by ArgRtype regulators have been performed in among others Lactococcus lactis (23) (24) (25) , Lactobacillus plantarum (26) , Enterococcus faecalis (27) , Bacillus subtilis (28, 29) and Escherichia coli (30) , in which these regulators control transcription of arginine biosynthesis and catabolism. In Streptococcus suis, ArgR is a tran-scriptional activator of the arginine catabolic arc operon, and both are required for acid resistance (31) . In addition, the S. suis arc operon is induced by arginine, reduced O 2 , temperature, and iron starvation and is subject to carbon catabolite repression (32) (33) (34) . In Streptococcus gordonii, a similar way of regulation was reported (35, 36) . In Streptococcus agalactiae, the expression of two transcriptional operons involved in arginine metabolism, the putative arginine transport genes artPQ (homologous to artPQ investigated in this study in S. pneumoniae D39) and arginine biosynthetic genes argGH, was down-regulated in a mutant of the LysR-type virulence regulator MtaR (37) . In S. pyogenes, the transcriptional regulator of virulence factors Rgg also regulates arginine catabolism (38, 39) .
Although organisms like B. subtilis and E. coli have only one ArgR-type regulator, several organisms contain two or even three paralogues (40) . Also S. pneumoniae contains three ArgRtype regulators. Given the apparent paradox between the high number of ArgR-type regulators and the absence of a complete set of arginine biosynthetic genes (41) , as well as the importance of arginine metabolism in other pathogenic bacteria, we were impelled to investigate the response of S. pneumoniae to fluctuating arginine levels by transcriptome analyses. In subsequent experiments, we found that two of three ArgR-type regulators present in this bacterium, namely ArgR1 and AhrC, directly mediate the response to arginine in a cooperative manner. Instead of being dedicated to the regulation of arginine biosynthesis and breakdown, as is the case in other bacteria, pneumococcal ArgR1 and AhrC control the expression of genes involved in arginine and peptide uptake (abpA, abpB, artPQ, aapA, and aliB), as well as the Zn 2ϩ -scavenger and virulence genes phtD and lmB/adcAII.
EXPERIMENTAL PROCEDURES
DNA Techniques, ␤-Galactosidase Assays, Bacterial Strains, and Growth Conditions-All DNA manipulation techniques, growth conditions, and media were the same as described previously (6, 42) unless indicated otherwise. ␤-Galactosidase assays were performed as described previously (6) . Strains and plasmids used or constructed in this study are listed in supplemental Table S1 . Primers are listed in supplemental Table S2 .
Construction of Transcriptional lacZ Fusions-Ectopic lacZ fusions to the abpA, artP, aapA, abpB, aliB, and arcA promoters were made in pPP2 with primer pairs Pspd_0109_1/Pspd_0109_2, Pspd_0719_1/Pspd_0719_2, Pspd_0887_1/Pspd_0887_2, Pspd_ 1226_1/Pspd_1226_2, Pspd_1357_1/Pspd_1357_2, and ParcA_ccpA_mut-1/ParcA_ccpA_mut-2, respectively. Mutations in the above promoters were introduced by fusing PCR products generated with the following primers and cloning them in pPP2: Pspd_0109_1/Pspd_0109_mut2 ϩ Pspd_0109_2.2/Pspd_ 0109_mut1, Pspd_0719_1/Pspd_0719_mut2 ϩ Pspd_0719_2/ Pspd_0719_mut2, Pspd_1226_1/Pspd_1226_mut2 ϩ Pspd_ 1226_2.2/Pspd_1226_mut1, Pspd_1357_1/Pspd_1357_mut2 ϩ Pspd_1357_2.2/Pspd_1357_mut2, and ParcA_ccpA_mut-1/ ParcA_ccpA_mut-2 ϩ ParcA_ccpA_mut-3/ParcA_ccpA_mut-4. These constructs are listed in supplemental Table S1 (pAS5-pAS14) . In all cases, E. coli EC1000 was used as the cloning host. The lacZ fusion constructs were introduced into D39 wild type and the D39 ⌬argR1, D39 ⌬ahrC, and D39 ⌬argR1⌬ahrC mutant strains by means of integration via double crossover in the bgaA (spd_0562) gene, yielding strains AS15-AS50. All plasmid constructs were checked by sequencing, and new loci created with these plasmids were verified by PCR.
Construction of Deletion Mutants-In-frame marker-free deletions of argR1, ahrC, abpA, and artP were constructed with plasmid pORI280 essentially as described (42) using primer pairs argR_KO-1/argR_KO-2 and argR_KO-3/argR_KO-4, ahrC_D39_KO1/ahrC_D39_KO2 and ahrC_D39_KO3/ ahrC_D39_KO4, SPD_0109_KO1/SPD_0109_KO2 and SPD_0109_KO3/SPD_0109_KO4, and SPD_0719_KO1/ SPD_0719_KO2 and SPD_0109_KO3/SPD_0109_KO4. Allelic replacement mutants of aapA, abpB, and aliB were made using primer pairs SPD_0887_KO1/SPD_0887_KO2 and SPD_0887_KO3/SPD_0887_KO4, SPD_1226_KO1/SPD_ 1226_KO2 and SPD_1226_KO3/SPD_1226_KO4, and SPD_1357_KO-1/SPD_1357_KO-2 and SPD_1357_KO-3/ SPD_1357_KO-4 by overlap extension PCR (43) . These mutants and combinations thereof are listed in supplemental Table S1 (strains AS1-AS14). Mutations were verified by PCR and/or DNA sequencing.
Microarray Analyses-Microarray analyses were done essentially as described previously (6, 44, 45) . The transcriptome data for the ahrC and argR1ahrC mutants were obtained from hybridizations of two biological replicates to two slides containing three spots per gene. The transcriptome data for the argR1 mutant were obtained from hybridizations of three biological replicates to three slides containing two spots per gene. The transcriptome data for the high/low arginine comparison were obtained from hybridizations of two biological replicates to two slides containing two spots per gene. In all cases, genes were considered significantly differentially expressed when the Bayesian p value was Ͻ0.001 except for the high/low arginine comparison where the cutoff was set to 0.01 because of the lower number of spots per gene. See Table 1 for the detailed criteria applied for the ratio cutoff. Microarray data have been deposited to the Gene Expression Omnibus (GEO) and have accession number GSE33043.
Overexpression and Purification of Strep-tagged ArgR1 and AhrC-For the overexpression of N-terminally Strep-tagged variants of ArgR1 and AhrC, their respective genes were amplified from D39 chromosomal DNA using primers ArgR1_OX_1_strep/ArgR1_OX_2 and AhrC_OX_1_strep/ AhrC_OX_2. The resulting PCR products were digested with RcaI/XbaI and cloned into the NcoI/XbaI sites of pNG8048E, yielding plasmids pAS15 and pAS16. Overexpression in L. lactis NZ9000 was done essentially as described (46) . Purification of Strep-ArgR1 and Strep-AhrC from L. lactis was performed using the Strep-Tactin column from IBA according to the supplier's instructions. The purified proteins were stored at a concentration of around 0.1 mg/ml in the elution buffer (100 mM Tris-HCl, pH 8, 150 mM NaCl, 2.5 mM desthiobiotin, 1 mM ␤-mercaptoethanol, and 1 mM EDTA) with 10% glycerol at Ϫ80°C.
Electrophoretic Mobility Shift Assays-Electrophoretic mobility shift assays (EMSAs) were performed with [␥- 33 P]ATP-labeled probes in buffer containing 20 mM Tris-HCl, pH 8.0, 5 mM MgCl 2 , 0.1 mM dithiothreitol (DTT), 8.7% (w/v) glycerol, 62.5 mM KCl, 1 mM EDTA, 25 g/ml bovine serum albumin, 25 g/ml poly(dI-dC), and 3000 cpm [␥-33 P]ATP-labeled PCR product. As probes, the promoter regions of PabpA, PartP, PaapA, PabpB, and PaliB were used that were PCR-amplified from plasmids pAS5-pAS9. In addition, PabpB-mut and PaliB-mut were used that were PCR-amplified from chromosomal DNA from strains A28 and A32 using primer pairs Pspd_1226_1/RNlacZ-fw and Pspd_1357_1/ RNlacZ-fw. As a negative control, a PCR fragment of Pspd_1049 amplified from D39 chromosomal DNA with primers Pspd_1049Ϫ1/Pspd_1049-2 was used. Reactions were incubated at 37°C for 10 min before loading on gel. Gels were run in 0.44 M Tris borate buffer, pH 8.3 at 100 V for 90 min.
DNase I footprints were carried our essentially as described before (47, 48) . As probes, PCR products of PabpA and PabpB were used that were generated with plasmids pAS5 and pAS8 as a template, respectively. In both cases, the forward primer was labeled with [␥- 
RESULTS
In Silico Analysis of Genes Involved in Arginine Metabolism in S. pneumoniae-In contrast to many organisms like L. lactis, L. plantarum, and B. subtilis, which contain a functional biosynthesis pathway for arginine (26, 49 -51) , the analysis of the genome sequence of S. pneumoniae D39 showed that it contains only two "arg" genes that are putatively involved in arginine biosynthesis, i.e. argG and argH encoding the enzymes for the conversion of citrulline (and aspartate) to arginine (Fig. 1A , overview of arginine metabolic pathways in S. pneumoniae). S. pneumoniae also possesses carA and carB encoding carbamoylphosphate synthetase that catalyzes the production of carbamoyl phosphate from glutamine, which is an intermediate in both arginine and pyrimidine synthesis. However, the anabolic argF gene that catalyzes citrulline production from carbamoyl phosphate is not encoded within the D39 pneumococcal genome, like the argBCDE genes, which produce ornithine, the other substrate of ArgF, out of glutamate.
In addition, strain D39 contains an arc operon (spd_1975-77) encoding the putative arginine catabolic genes arcA, arcB, and arcC (Fig. 1A) , although there is an authentic frameshift in the arcA gene giving rise to two 744-and 450-bp ORFs instead of the single full-length 1230-bp arcA gene as is present in strain TIGR4 for example (41) . In TIGR4 as well as in Ͼ60% of the 33 sequences of pneumococcal strains present in the Sybil database, argGH are not (intactly) present. In contrast, the arc genes are encoded by almost all pneumococcal strains in Sybil except BS293 and BS397. This indicates that there are strain to strain variations in arginine metabolism.
In the D39 genome, three regulators can be found that have high homology to the ArgR and AhrC regulators of arginine biosynthesis and catabolism of L. lactis (23) . SPD_1904 and SPD_0787 have the highest homology to ArgR from L. lactis (the homology with SPD_1904 is slightly higher) and are therefore named ArgR1 and ArgR2, respectively. SPD_1063 has the highest homology to AhrC of L. lactis and is therefore named AhrC. All three regulators are conserved in all 34 S. pneumoniae strains present in the Sybil database, although in a few strains, orthologues of spd_0787 seem truncated at the 5Ј part (data not shown). In addition, the genomic context is always the same ( Fig. 1B) with spd_0787 (argR2) lying downstream and in tandem with a pepX gene (X-prolyl-dipeptidyl aminopeptidase), spd_1904 (argR1) being flanked by argS (arginyl-tRNA synthetase), and mutS (DNA mismatch repair protein) and spd_1063 (ahrC) being surrounded by genes encoding DNA recombination and repair protein RecN, hemolysin A, geranyltranstransferase IspA, and the exonuclease VII XseAB. Interestingly, the genetic neighborhood of ahrC is also highly conserved in other species such as Bacillus sp., Streptococcus sp., and other gram-positive bacteria, suggesting a functional relationship (40) . The conservation of these ArgR-type regulatory genes in all pneumococcal strains indicates that they fulfill important roles in S. pneumoniae.
S. pneumoniae D39 Is Auxotrophic for Arginine-Based on the in silico analysis, it is likely that D39 is auxotrophic for arginine. To test this hypothesis, D39 was grown in the pres- For completion, the full arginine biosynthesis pathway is depicted. However, genes in parentheses are not present in S. pneumoniae D39 and in the strains present in the Sybil database. Only the most important reaction products and substrates are indicated. Genes encode enzymes as follows: glnA, glutamine synthetase; glmS, glucosamine-fructose-6-phosphate aminotransferase; trpG, anthranilate synthase component II/glutamine amidotransferase; purF, amidophosphoribosyltransferase; argJ, ornithine acetyltransferase; argB, N-acetylglutamate 5-phosphotransferase; argC, N-acetylglutamate 5-semialdehyde dehydrogenase; argD, N 2 -acetylornithine 5-aminotransferase; argE, acetylornithine acetyltransferase; argF, anabolic ornithine carbamoyltransferase; argG, argininosuccinate synthetase; argH, argininosuccinase; carA/ carB, carbamoylphosphate synthetase; arcA, arginine deiminase; arcB, catabolic ornithine carbamoyltransferase; arcC, carbamate kinase. B, genetic neighborhood of the three ArgR-type transcriptional regulators encoded by the D39 genome (not drawn to scale). Lollipops, predicted terminator structures. For further details, see the text.
ence of 0, 0.05, and 10 mM arginine ( Fig. 2A) . As expected, no growth was seen in the absence of arginine ( Fig. 2A) , confirming previous observations (52) . With 0.05 mM arginine, a concentration present in the human blood (9), growth was still slower than with 10 mM, indicating that this is an arginine-limited condition. Regarding the presence of ArgG and ArgH in D39, growth was tested in medium with citrulline, which is a substance that is present in the human tissues and in a concentration similar to that of arginine (9, 53) . In the absence of arginine, S. pneumoniae D39 was indeed able to grow on citrulline (Fig.  2B) , indicating the functionality of the ArgGH enzymes. However, growth was very poor, suggesting that for optimal growth other ways of arginine acquisition from external sources have to be utilized by S. pneumoniae as well.
Identification of Genes Regulated by Arginine ConcentrationBecause (i) arginine is an essential amino acid for S. pneumoniae, (ii) there are three putative ArgR-type regulators encoded by the pneumococcal genome, and (iii) arginine concentrations in the habitat of S. pneumoniae may fluctuate, we hypothesized that arginine is an important regulatory cue for this bacterial pathogen. To investigate the response of D39 to arginine, we performed a transcriptome comparison of S. pneumoniae D39 wild type grown in low arginine chemically defined medium (CDM) 3 compared with high arginine CDM. D39 wild type grew slightly slower with a concentration of 0.05 mM arginine as compared with 10 mM arginine and to a lower optical density ( Fig. 2A) . Therefore, cells were harvested in a comparable stage of growth, i.e. in the midexponential phase ( Fig. 2A) . 13 genes were up-regulated in arginine-limited growth conditions (Table 1) . Interestingly, these included several operons encoding amino acid ABC transporter components to which we gave the tentative names ArtPQ (based on homology to S. pyogenes and E. coli ArtPQ), AbpA (arginine-binding protein A) and the paralogous AbpB, and AapA (amino acid permease A). All of these proteins are conserved in the 33 strains in the Sybil database except AbpA, which seems absent from ϳ10% of these strains. Furthermore, the aliB gene encoding an oligopeptide-binding protein that contributes to the uptake of argininecontaining peptides (54) and the arginine biosynthetic genes argGH were up-regulated as well. Five genes were down-regulated (Table 1) among which was pyrD (spd_0852) that is involved in pyrimidine synthesis, which is closely connected to arginine metabolism.
Identification of ArgR1/AhrC Targets by DNA MicroarraysAs in L. lactis, the ArgR and AhrC proteins are responsible for the transcriptional regulation in response to arginine (25) . Chromosomal deletions were constructed of both argR1 and ahrC in S. pneumoniae D39. To avoid the possibility of polar effects, this was done using a marker-free system (42) . Subsequently, these mutants were used to determine the effect of ArgR1 and AhrC on the pneumococcal transcriptome as well as their role in mediating the transcriptional response to arginine as investigated above. The argR1 and ahrC deletion strains grew similarly as the wild-type D39 strain in both high arginine CDM and low arginine CDM (Fig. 2, A and B) . Because in L. lactis the effect of deletion of argR and ahrC was most pronounced in medium with a high arginine concentration (25), we compared the transcriptome of D39 wild type with that of the isogenic argR1 and ahrC mutants in CDM with 10 mM arginine ( Table  1) . Many genes were differentially expressed in both mutants compared with the wild type; the majority of were also affected by varying arginine concentrations. These include the abpAargGH operon, two additional operons that encode amino acid ABC transporter components (artPQ-folD and apbB), an operon containing an amino acid permease gene (aapA) together with the Zn 2ϩ -scavenging genes lmb/adcAII (55-57) and phtD (58 -60) , and lastly the gene encoding oligopeptidebinding lipoprotein, aliB. Also in the argR1ahrC double mutant these five operons were up-regulated compared with the wild type (Table 1) . Additionally, some other effects were observed in the argR1ahrC mutant as well, such as down-regulation of the ilv genes (spd_0405-9) compared with the wild type; this was also the case in the ahrC mutant. There was down-regula-FIGURE 2. Growth of D39 wild type (f), D39 ⌬argR1 (OE), D39 ⌬ahrC (ࡗ), and D39 ⌬argR1⌬ahrC (؋) in CDM medium with 0, 0.05, and 10 mM arginine and no citrulline (A) and in CDM with 0 or 10 mM citrulline and no arginine (B). Aspartate, which is together with citrulline a substrate for ArgG, was present in a concentration of 0.9 mM in the CDM. However, S. pneumoniae D39 is not auxotrophic for aspartate (52) . The arrow in A indicates the point of harvesting of the cells for the DNA microarray experiments.
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tion of the spd_0114 -0124 and spd_1515-17 hypothetical genes in all three mutants compared with the wild type, but expression of these genes was not affected by arginine (Table 1) .
Thus, the microarray analyses indicate that ArgR1 and AhrC affect the expression of a number of genes among which are five operons (abpA-argGH, artPQ-folD, lmB/ adcAII-phtD, apbB, and aliB) containing genes putatively involved in arginine metabolism and uptake. These five operons were also up-regulated in medium with limiting arginine. Quantitative RT-PCRs for the first gene in each of these five operons confirmed this expression behavior (supplemental Table S3 ). We next investigated the regulation of these operons in more detail.
Regulation by ArgR1 and AhrC Is Arginine-dependentBased on sequence analysis, abpA and aliB seem to be monocistronic transcriptional units, although for abpA, based on the microarray results, there is apparently read-through to the downstream gene spd_1225 (Table 1) , which is oppositely orientated; however, the promoter of this gene was not regulated by ArgR1 or AhrC (data not shown). Also for aliB there is downstream read-through, as the frameshifted gene spd_1356 was affected in the same way (Table 1) . Based on the DNA microarray data and sequence analyses for promoters and terminators, PabpA, PartP, and PaapA all appear to drive expression of three downstream genes. To investigate in more detail the regulation of these operons, ectopic transcriptional lacZ fusions to the predicted promoter regions of abpA, artP, aapA, abpB, and aliB (see Fig. 3 for sequence analyses of these promoters) were introduced in D39 wild type and the argR1, ahrC, and arg1RahrC isogenic mutants. In the wild type, expression of the five promoters was higher in CDM with a low arginine concentration than in CDM with a high arginine concentration and also higher than in the nitrogen-rich complex medium GM17 (Fig. 4A and supplemental Table S4 ). This shows that the promoters predicted and cloned are functional and confirms the microarray data on the transcriptional response to arginine. In the arginine regulator mutants, expression was highly derepressed compared with the wild type and not dependent on the concentration of arginine in the medium (Fig. 4A and supplemental Table S4 ). Thus, ArgR1 and AhrC control the expression from the predicted promoters of these five operons in an arginine-dependent way. In addition, the data show that both regulators are required for the arginine-dependent regulation in agreement with the microarray data on these mutants.
Interaction of ArgR1/AhrC with Their Target Promoters Is Dependent on Arginine-To investigate the mechanism by which ArgR1 and AhrC regulate the expression of the five promoters, EMSAs were performed with ArgR1 and AhrC purified with an N-terminal Strep tag. A high concentration of ArgR1 resulted in binding to all promoters irrespective of the presence of AhrC or arginine, whereas AhrC on its own did not bind any of the tested promoters (data not shown). With a lower concentration of ArgR1, binding only occurred when both AhrC and arginine were present (Fig. 5A) . No binding was seen for the negative control (Fig. 5A) . Moreover, from several amino acids tested, only arginine was able to induce binding (Fig. 5B) . These data show that the ArgR1/AhrC-dependent regulation occurs via direct binding of these regulators to their target promoters. Furthermore, both regulators are required for binding whereby ArgR1 seems to be the main factor in mediating the interaction with the promoter. Lastly, binding is dependent specifically on arginine.
Identification of Binding Site for ArgR1/AhrC-When the E. coli consensus ArgR box (30) (5Ј-TNTGNATWWW-WATNCANA-3Ј) was used to search the D39 genome using Genome2D (61) allowing one mismatch, 18 hits were scored, but only one was in the promoter of a gene present in the ArgR1/AhrC microarray analyses in this study, namely in Fig. 3 . neg., negative.
PartP (Fig. 3) . When the D39 genome was searched in silico with a weight matrix of the L. lactis ArgR box (24) only two of a list of 18 hits were present in promoters of ArgR1/AhrC targets identified in this study, namely in PaliB and PabpB (Fig. 3) . By close inspection of PabpA, a similar sequence was found that could function as an Arg box for this promoter (Fig. 3) .
To prove that the predicted operators mediate the repression by ArgR/AhrC, point mutations were made in all four (Fig. 3) , and the mutant promoters were fused to lacZ. In wild-type D39 grown in high arginine CDM, derepression of expression of the mutated abpB and aliB promoters to a level similar to that seen in the argR1 mutant was observed compared with the wild-type promoters (Fig. 4B) . For PabpA-mut and PartP-mut, derepression was very clear as compared with the wild-type promoters albeit not fully to the level of the argR1 mutant, showing that regulation via ArgR1/AhrC was not completely abolished (Fig.  4B) . In the wild-type background, the expression from all four mutated promoters was hardly influenced anymore by the concentration of arginine (Fig. 4B) . When PCR fragments comprising PabpB-mut and PaliB-mut, which were both completely derepressed to the level of expression in the argR1 mutant (Fig.  4B) , were used in EMSAs, no binding of ArgR1/AhrC in the presence of arginine was observed (Fig. 5A ). In addition, DNase I footprinting analyses with PabpA and PabpB showed that ArgR1/AhrC bind to a DNA region that comprises the entire predicted operator sequence as well as the sequence downstream of it (Figs. 5C and 3) . Taken together, these results show that the positions of the ArgR1/AhrC operators in PabpA, PartP, PabpB, and PaliB are indeed at the locations that were predicted and that the operators mediate interaction of ArgR1/ AhrC with the target promoters.
ArgR1/AhrC Do Not Regulate arcABC Operon-In L. lactis and many other organisms, the arginine catabolic genes are regulated by ArgR (23, 29, 31, 62) . In this study, however, no effect of ArgR1 and AhrC was observed on the arginine catabolic arcABC operon of S. pneumoniae. In many gram-positive bacteria, the arc operon is subject to carbon catabolite control (27, 36, 63) . By screening the S. pneumoniae D39 genome (64), a catabolite recognition element (cre) was found in the promoter of arcA (5Ј-TGTAAGCGGTACCC-3Ј). cre sites are recognized by the carbon catabolite control protein A CcpA (65, 66) . To test whether the cre site in ParcA is functional and could mask a possible role of ArgR1/AhrC in S. pneumoniae, it was mutated to 5Ј-TGTAATTTGTACCC-3Ј. Subsequently, both the wild-type ParcA and the mutant ParcA (ParcA-mut) were fused to lacZ and introduced into the regulator mutants. Expression of the mutated promoter was indeed highly derepressed compared with the wild type, confirming the functionality of the predicted cre site (Fig. 6) . However, expression of both versions of ParcA was not affected by the argR1/ahrC mutations, showing that ArgR1/AhrC have no role in regulating this promoter.
Deletion of artP, abpA, and abpB Leads to Impaired Growth in Low Arginine Medium-All five operons that were shown to be direct targets of ArgR/AhrC contain genes putatively involved in amino acid uptake. To test whether these genes contribute to arginine acquisition, mutants in these genes were constructed and grown in CDM with either a low or a high concentration of arginine. Single mutants of abpA and abpB encoding putative amino acid-binding proteins did not display decreased growth in low arginine CDM (Fig. 7A) . Marker-free deletion of artP encoding a putative amino acid ABC transporter permease component led to a growth defect only in CDM with 0.05 mM arginine and not in 10 mM arginine (Fig. 7,  A and C) . Double and triple mutants displayed the impaired growth behavior as well (Fig. 7, B and D) . These results suggest that these three genes (abpA, artP, and abpB) constitute an arginine uptake ABC transporter in which the arginine binding domains can substitute for each other. The data also indicate that S. pneumoniae D39 contains other systems for arginine uptake as the observed growth reduction was modest. A candidate gene involved in arginine uptake is the ArgR1/AhrC target aapA encoding an amino acid permease family protein with homology to RocE and RocC in B. subtilis, two proposed arginine permease genes (67, 68) . In Mycobacterium bovis, a protein homologous to RocE and RocC was shown to mediate arginine and ␥-aminobutyric acid (GABA) uptake (69) . However, mutation of the aapA gene did not lead to decreased growth compared with the wild type in medium containing a low concentration of arginine (data not shown). Also, it did not aggravate the phenotype of the artP mutant in CDM with 0.05 mM arginine (data not shown). Although aliB has been shown to be involved in the utilization by S. pneumoniae of arginine-containing oligopeptides (54) , it could be that it has some affinity for arginine in amino acid form as well. However, like the aapA mutant, mutation of aliB did not lead to a phenotype in medium with a low concentration of arginine (data not shown). Therefore, aliB seems not to be involved in the acquisition of arginine in amino acid form.
DISCUSSION
In this study, the role of two ArgR-type regulators, ArgR1 and AhrC, was studied in the human pathogen S. pneumoniae strain D39. These regulatory proteins were demonstrated to directly regulate five amino acid transport operons in a cooperative way (see Fig. 8 for a schematic overview of the function of ArgR1 and AhrC). The data suggest that the abpA, abpB, and artPQ genes located in three of the regulated operons encode an arginine ABC uptake unit. Furthermore, the aliB gene, which is directly controlled by ArgR1/AhrC as well, has been shown previously to be necessary for growth in medium with peptides (in particular Arg-Pro-Pro and Arg-Pro-Pro-Gly-Phe) as the sole source of arginine (54) . Lastly, ArgR1 and AhrC direct expression of a promoter that drives transcription of the amino acid permease gene aapA and the gene pair lmB/adcAII-phtD encoding a Zn 2ϩ -binding surface lipoprotein (70) and the surface-exposed Zn 2ϩ /Mn 2ϩ -binding histidine triad protein PhtD (58), a highly conserved protein among pneumococcal strains and a promising vaccine candidate (60) . ArgR1 and AhrC as well as most of their target genes are highly conserved among different pneumococcal strains, implicating an important role in the lifestyle of S. pneumoniae. This is the first study on arginine-mediated gene regulation in S. pneumoniae. In recent years, the functioning of the L. lactis arginine-regulatory proteins was unraveled (23) (24) (25) . In this bacterium, three operons, namely the argCJDBF, gltS-argE, and argGH arginine biosynthetic operons, were repressed by a high concentration of arginine via ArgR/AhrC, whereas the arcABD1C1C2TD2-yvaD operon was activated by ArgR/AhrC in the presence of arginine (23, 24) . Also in other organisms like E. coli (30) , Pseudomonas aeruginosa (62, 71) , B. subtilis (28, 29) , L. plantarum (26) , and E. faecalis (27) , arginine biosynthetic and catabolic genes have been shown to be regulated by ArgR-type regulators. Except for the argGH genes, which we showed to belong to the ArgR1/AhrC regulon in S. pneumoniae, the pneumococcal genome does not contain arginine biosynthetic genes. Instead, we found that ArgR1/AhrC are mainly dedicated to the regulation of arginine acquisition in this bacterium. Notably, although the arc operon is a target of ArgR in many organisms (16, 23, 27, 31, 35, 62) , in our study, no effect of arginine and ArgR1/AhrC on expression of the arcA promoter was observed. However, the results suggest an involvement of CcpA. This is different from other streptococcal species such as S. suis (31) , Streptococcus rattus, (63) , and S. gordonii (35, 36) in which expression of the arc operon is (besides its regulation via CcpA) also arginine/ArgR-dependent. A recent study in S. suis found an effect of one of the three ArgR-type regulators present in this organism exclusively on the expression of the arc operon (31) . The reason no transcriptional effects similar to that in our study were observed might be that the S. suis ArgR orthologue subject of that study is most homologous to ArgR2 in S. pneumoniae. However, although so far we have not identified a phenotype for the argR2 mutant, it does not seem to be involved in the regulation of ParcA in S. pneumonia D39, 4 indicating that the ArgR-type regulators have different specific functions in different streptococci.
In L. lactis, it was proposed that ArgR and AhrC form a heterohexameric complex in the presence of arginine that has high affinity for the promoters of the arginine biosynthetic genes. At the same time, AhrC sequesters ArgR, preventing it from repressing the promoter of the arginine catabolic arc operon. In this model, AhrC seems to be more important for arginine sensing than ArgR; this is supported by the functional significance of Asp-124 (which is not present in ArgR) in AhrC. This Asp residue is conserved in the pneumococcal AhrC as well but not in ArgR1. Thus, the results in our study indicate that despite the low similarity between the ArgR regulons of L. lactis and S. pneumoniae (the physiological function is arginine biosynthesis and breakdown in L. lactis but mainly arginine acquisition/uptake in S. pneumoniae) the way in which ArgR1/AhrC control their target genes strongly resembles that of the counterparts in L. lactis.
Obviously, an intriguing question is why two regulatory proteins are necessary for arginine-dependent regulation. The first explanation could be that besides reacting to arginine ArgR1 and AhrC respond to other stimuli as well. Second, they could interact with other regulators as has been shown for AhrC in B. subtilis (72) and ArgR in P. aeruginosa (73) . Third, the expression and synthesis of ArgR1 and AhrC could also be an important control point in the formation of a functional complex for regulation of the target genes whereby that of ArgR1 could be regulated in a different way than that of AhrC. Indeed, recent studies in B. subtilis found that translation of ahrC mRNA is inhibited by base-pairing with the small RNA SR1, the expression of which is dependent on arginine and ornithine (74, 75) . Lastly, given the fact that ahrC is located in a locus with DNA modification genes encoding the DNA recombination and repair protein RecN (76) and the exonuclease VII XseAB, a functional interaction with these genes might be possible. Interestingly, the S. pneumoniae argR1 gene is located upstream of hexA encoding a DNA mismatch repair protein (77) . In E. coli, ArgR has a secondary function in recombination at the cer locus during monomerization of ColE1 plasmids (78) . Therefore, it is tempting to speculate that the ArgR-type regulators have a role related to DNA modification in S. pneumoniae and other bacteria as well (40) . Interestingly, a number of hypothetical genes were down-regulated in the argR1 and ahrC mutants. Expression of these genes was not influenced by the concentration of arginine. However, the consistency of these effects in the argR1, ahrC, and argR1ahrC mutants also argues for a role of ArgR1 and AhrC that lies outside argininedependent control of gene expression.
The operons shown to be directly repressed by ArgR1/AhrC all comprise genes (likely) involved in arginine acquisition. S. pneumoniae contains no ornithine/arginine antiporter (arcD1/2 in L. lactis), which may indicate that ornithine does not accumulate in the cell (given the absence of the arginine biosynthetic genes, the only way could be via the arginine 4 T. G. Kloosterman and O. P. Kuipers, unpublished data. FIGURE 8. Schematic overview of (regulation of) arginine metabolism in S. pneumoniae D39 based on results in this study and previous studies. In conditions with abundant arginine, ArgR1 and AhrC form a heterohexameric complex bound to the effector molecule arginine. This complex binds to the promoters of the five target operons, thereby blocking transcription of the downstream genes. In conditions of arginine limitation, repression of these operons is relieved, leading to increased arginine uptake via ArtPQ-AbpA/AbpB and Ami/AliB (arginine-containing peptides such as Arg-Pro-Pro). In addition, uptake of arginine proceeds via an unknown import route. When citrulline is available, intracellular arginine levels are also increased by the action of the ArgG and ArgH enzymes, which catalyze the conversion of citrulline to arginine via argininosuccinate. When preferred carbon sources are scarce, CcpA stops repressing the arginine deiminase operon arcABC, allowing arginine to be used as an alternative energy source. In addition, both low arginine conditions and low Zn 2ϩ conditions lead to increased expression of the genes encoding the Zn 2ϩ scavengers AdcAII and PhtD due to derepression of PaapA via ArgR1/AhrC and derepression of PadcAII via the Zn 2ϩ -dependent transcriptional regulator AdcR. A citrulline uptake system, an alternative arginine uptake system, and a tentative role of the AapA cationic amino acid permease in arginine uptake are indicated/depicted. deiminase pathway) or is used as a carbon/nitrogen source. Despite the fact that ArgR1/AhrC in S. pneumoniae regulate three operons containing genes involved in the uptake of arginine, these operons, although improving growth efficiency in low arginine, are not essential for growth in medium with arginine present in amino acid form at low concentration. Thus, it is likely that there is a second, yet unidentified arginine uptake system encoded by the pneumococcal genome. We are currently designing experiments to identify this system. In addition, the role of the predicted amino acid permease AapA remains to be determined.
Notably, there are a couple of virulence genes in the regulon of ArgR1/AhrC. The oligopeptide-binding protein encoded by aliB has been shown to be important for nasopharyngeal colonization together with the paralogous oligopeptide-binding lipoproteins amiA and aliA, which are controlled by the pleiotropic regulator CodY (5, 79) . The Ami⅐AliA-B complex therefore is a nice example of a system regulated by different nutritional stimuli via different regulators, which in this way control the ability of pneumococcus to colonize the nasopharynx. Next to aliB, also the lmB/adcAII gene encoding a Zn 2ϩ -binding lipoprotein (70) with a possible role in virulence (55-57, 80 -82) and phtD encoding a Zn 2ϩ -scavenging surface protein (58, 60) that may also be involved in virulence and has a high potential as vaccine (60, 83, 84) have been shown to belong to the ArgR1/AhrC regulon. The regulon of ArgR1/AhrC intersects at the lmB/adcAII-phtD genes with the regulon of the Zn 2ϩ -dependent regulator AdcR, which represses expression of the lmB/adcAII promoter in the presence of Zn 2ϩ (85) . Therefore, the expression of these genes is dependent on two totally different environmental cues, which might be advantageous in the lifestyle of S. pneumoniae. As in S. agalactiae, the transcriptional regulator MtaR, which is necessary for virulence, affects the expression of putative arginine ABC transporter genes (37) . It could be that the homologous genes (artPQ in D39) are subject to regulation by MtaR (homologous to spd_0588) in S. pneumoniae as well. Previous signature-tagged mutagenesis screens have found that AapA contributes to infection in a lung infection model (86) . However, it is not known whether ArtPQ, AbpA, and AbpB contribute to virulence. We are currently exploring this possibility.
